We analyzed the physical properties of altered mafic and ultramafic rocks drilled at the Atlantis Massif (Mid-Atlantic Ridge, 30°N; Integrated Ocean Discovery Program Expeditions 304-305 and 357). Our objective was to find a physical property that allows direct distinction between these lithologies using remote geophysical methods. Our data set includes the density, the porosity, P and S wave velocities, the electrical resistivity, and the permeability of mafic and ultramafic samples under shallow subsurface conditions (confining pressure up to 50 MPa equivalent to~2-km depth). In shallow subsurface conditions, mafic and ultramafic samples showed distinct differences in the density, the seismic wave velocities, and the electrical resistivity (mafic samples: 2,840 to 2,860 kg/m 3 , 5.92 to 6.70 km/s, and 60 to 221 Ω m; ultramafic samples: 2,370 to 2,790 kg/m 3 , 3.36 and 3.62 km/s, and 8 to 44 Ω m). However, we observed an overlap between physical properties of mafic and ultramafic rocks when we compared our measurements with those acquired from similar environments. The anisotropic homogeneous electrical resistivity inversion shows transverse isotropy symmetry, which is typical of a foliated microstructure. In both the inversion results and the thin sections, the direction of high resistivity axes of ultramafic rock samples is systematically perpendicular to the equivalent axes in mafic rock samples analyzed in this study. Our sample scale study suggests that electrical resistivity anisotropy may allow us to distinguish mafic and ultramafic lithologies via controlled source electromagnetic surveys. When surface conduction is negligible, the electrical resistivity can be used as proxy for permeability.
Introduction
Altered mantle rock outcrops are commonly observed along slow-and ultraslow-spreading ridges (Bonatti et al., 1971; Cannat et al., 1995; Sauter et al., 2013) as well as in ocean-continent transitions (Minshull, 2009) . These mantle rocks are tectonically exhumed along large offset faults (Cannat et al., 2009; Karson & Dick, 1983; Tucholke & Lin, 1994) and host intrusive mafic bodies in variable amounts. For example, gabbros are estimated to account for 30% of the Atlantis Massif southern wall (Mid-Atlantic Ridge 30°N; Blackman et al., 2002) , while they account for only 3% along parts of the easternmost Southwest Indian Ridge (62-65°E; Sauter et al., 2013) . Intrusive mafic bodies influence the geological processes active in settings where mantle is uplifted: they modify the rheology of the lithosphere exhumed along faults (Boschi et al., 2006) ; they form an additional source of heat that impacts the rate of cooling at depth; and they potentially control the distribution of fluid pathways in hydrothermal systems (Bird et al., 1988) . However, due to the difficulties of sampling at spreading ridges and in ocean-continent transitions, estimating the size and distribution of these mafic bodies remains challenging.
A way to overcome such challenge is the use of geophysical data and the contrast in physical properties between peridotites and gabbros. Although these rocks theoretically present distinct signatures (e.g., density 3,300 vs. 2,750-3,300 kg/m 3 and P wave velocity of 8 vs. 5.95-7.6 km/s for peridotites and gabbros, respec-In contrast, gabbroic rocks usually show lower variations in physical properties. Depending on their mineralogy and their degree of alteration, the density and P wave velocity of mafic rocks range between 2,750 and 3,300 kg/m 3 and 5.95 and 7.6 km/s, respectively (Iturrino et al., 1996) . Gabbroic rocks can also contain olivine, though in much lower amounts so that the serpentine remains limited. Instead, alteration of pyroxenes and plagioclases forms other hydrated minerals such as amphibole, chlorite, and talc, which also modify the physical properties of these rocks.
In addition to the degree of alteration, the development of cracks and fractures directly affects the physical properties. When these rocks are brought to near the seabed, the associated stress-release opening of cracks and fractures leads to porosity increase, which in turn affects densities and velocities. Only at in situ pressures above 200 MPa (overburden pressure at~8 km below seafloor, bsf), where the cracks and fractures are closed, do the wave velocities of these rocks start to increase linearly with pressure (Carlson & Miller, 2004; Christensen, 1966; Iturrino et al., 1991) . Above 200 MPa, the densities and velocities of partially serpentinized peridotite overlap with those of mafic rocks when the degree of serpentinization is between 20% and 40%.
Mafic and ultramafic rocks also coexist in shallower ocean crust, at oceanic core complexes (OCCs; Blackman et al., 2011; Escartín et al., 2003) or at rifted portions of fast-spread lithosphere (MacLeod, Boudier, et al., 1996; MacLeod, Célérier, et al., 1996) , and at ocean-continent transitions (Bronner et al., 2011; Dean et al., 2000) . In shallow subsurface environments, a high degree of alteration is commonly observed due to the easy access of seawater to the exposed magnesium bearing rocks. Evans et al. (2010) showed that the electrical resistivity allows to distinguish mafic and ultramafic rocks near the seabed via the difference in their porosity. In shallow environments, higher porosities and lower densities and velocities might be expected for the fully serpentinized ultramafic rocks. However, the effect of open fractures and cracks (Hyndman & Drury, 1976; Miller & Christensen, 1997) , the presence of thick sedimentary cover reducing the access of water to fresh magnesium bearing rocks (Rüpke et al., 2013) , and temperature and pressure conditions affecting the degree of serpentinization (Macdonald & Fyfe, 1985) may complicate the distinction between mafic and ultramafic rocks in shallow subsurface.
Due to the nonunique interpretation of sparse seismic data, in Atlantis Massif, the predrilling interpretation of seismic data with apparent high velocities (7.5 km/s) at depth of 600 m bsf and a positive gravity anomaly corresponding to rocks of 200-400 kg/m 3 higher than the surrounding led to the suggestion of a local very shallow Moho beneath the central dome. However, the Integrated Ocean Discovery Program (IODP) Expedition 304-305 recovered 91% mafic rocks from the Site 1309 (1.4 km deep; Blackman et al., 2011 Blackman et al., , 2006 . Similarly, different interpretations of the magmatic content of the ocean-continent transition zone at the Iberia-Newfoundland margin system lead to different interpretation of the origin of J magnetic anomaly, resulting in contradictory inferred ages of mantle exhumation (Bronner et al., 2011; Dean et al., 2000; Sibuet et al., 2007; Tucholke & Sibuet, 2007) .
Various physical properties such as P and S wave velocities, V p /V s ratios (Bezacier et al., 2010; Horen et al., 1996) , and P wave anisotropy (Christensen, 2004; Horen et al., 1996) , the density (Carlson & Miller, 2003) and magnetic susceptibility (Toft et al., 1990) have been used to infer the degree of serpentinization of the ultramafic rocks. Although these properties are good indicators, their use to distinguish between mafic and ultramafic rocks is not always successful. Olivine and orthopyroxene display strong deformation-induced preferred orientations and exhibit pronounced P wave anisotropy with the fast axis oriented along the lithospheric flow or perpendicular to the principal deformation stress (Christensen, 2004) . On the other hand, complete serpentinization results in a mesh texture that usually suppresses this anisotropy. Therefore, the P wave anisotropy of partially serpentinized peridotite ranges between 15% for fresh peridotite and 1% for serpentinite (Christensen, 2004; Cole et al., 2002) . Mafic rocks exhibit also some P wave anisotropy caused by grain rotation, recrystallization in a stress field or in a thermal gradient, or flow orientation and dislocation-controlled slip (Anderson, 2007) . Iturrino et al. (1991) report a P wave anisotropy of 6% for gabbroic rocks. Although the percentage of the anisotropy of mafic rocks overlaps with the anisotropy range of partially serpentinized peridotites, the directions may differ.
The electrical resistivity (denoted hereafter as resistivity) offers one of the widest ranges of any common physical properties of solids (Guéguen & Palciauskas, 1994) . Previous studies on core samples and remote electromagnetic studies have suggested that at shallow subsurface the resistivity of mafic rocks is higher than those of partially serpentinized ultramafic rocks (Evans et al., 2010; Stesky & Brace, 1973) . However, the resistivity values may overlap at deeper environments. The anisotropy of the electrical resistivity is expected to be correlated with the seismic anisotropy (Guo et al., 2011) , and it may be more easily detectable than the seismic anisotropy. Here we test the hypothesis that the direction of resistivity anisotropy may be different for mafic and ultramafic rocks and may allow to distinguish them in the future by controlled source electromagnetic (CSEM) surveys.
In order to test the above-mentioned hypothesis, we measured the anisotropic physical properties of four mafic and four ultramafic samples drilled in the central dome and the southern wall of the Atlantis Massif at 30°N along the Mid-Atlantic Ridge (IODP Expedition 304-305; Blackman et al., 2006, and 357; Früh-Green et al., 2017 . Ultrasonic P and S wave velocities, the anisotropic electrical resistivity, and the permeability of the rock samples were measured simultaneously, under differential pressures of up to 45 MPa. The physical properties of four ultramafic samples used in this study were first described by Falcon-Suarez et al. (2017) , along with the methodology and the detailed description of the experimental rig used for measurements. Here we compare the physical properties of these ultramafic samples with those of mafic samples from the same region and with mafic and ultramafic samples from other regions. We also compare our homogenous anisotropic electrical resistivity inversion results with the anisotropy observed in thin sections from the same samples. Our simultaneous measurements of anisotropic electrical resistivity and permeability also allow us to explore the use of resistivity as a proxy for permeability. The permeability of the rocks controls the fluid circulation within the rock matrix and therefore affects the rheology via alteration and heat transfer.
Tectonic Setting of Atlantis Massif
The Atlantis Massif is an OCC located at 30°N, 15 km west from the axis of the slow-spreading (full-spreading rate~23.6 mm/a; Grimes et al., 2008; Zervas et al., 1995) Mid-Atlantic Ridge (Figure 1 ). It is a 20 by 15 km, dome-shaped massif corresponding to the footwall of a large-offset normal fault interpreted as a detachment fault. The massif is composed of a central dome and a southern wall and is bordered to the east by a basaltic ridge that is interpreted as a part of the hanging wall.
The southern wall of Atlantis Massif exposes a cross section throughout the OCC, which is interpreted as being composed of serpentinized peridotite intruded by gabbro lenses and capped by a 100-m-thick detachment fault shear zone Schroeder & John, 2004) . The highest point of the southern wall (~800-m water depth) hosts the Lost City Hydrothermal Field (LCHF), an off-axis serpentinite-hosted hydrothermal system (Früh-Green et al., 2003; Kelley et al., 2001 Kelley et al., , 2005 .
In 2004-2005, IODP Expeditions 304-305 cored and logged a~1.4-km hole (U1309D; Figure 1 ) at the central dome of the Atlantis Massif (Blackman et al., 2006 (Blackman et al., , 2011 . In contrast to predrilling interpretations, Expedition 304-305 recovered 91% moderately deformed gabbroic rocks. Prior to the expedition, the role of serpentinization in strain localization during periods of reduced magma supply was known in OCC formation (Escartín et al., 2003; Tucholke & Lin, 1994) . The discovery of the gabbroic pluton below the central dome allowed the development of a new hypothesis for the mechanism of formation of OCCs composed of a gabbroic body surrounded by serpentinized peridotite host (e.g., Atlantis Massif, 15°20 0 N; Ildefonse et al., 2007) . The presence of the gabbroic body is explained by an episodically enhanced magma supply toward the segment end. With cessation of the enhanced magma supply, the resulting magmatic body rises by buoyancy and cools slowly. Magmatic fluids and/or seawater-derived hydrothermal fluids initiate the serpentinization around the gabbroic pluton. Steeply dipping faults form following the weakened zone surrounding the pluton, which in turn allows strain localization along the detachment fault and exposure of the serpentinized Boschi et al. (2006) . The exposed detachment surface is roughly represented by the 2,500-m bathymetric contour. Inset shows the location of the Atlantis Massif along the Mid-Atlantic Ridge.
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Geochemistry, Geophysics, Geosystems peridotite and gabbroic pluton to the seafloor (Ildefonse et al., 2007) . The seafloor bathymetry of the Atlantis Massif with greater uplift of the southern wall than of the central dome to the northwest is explained by a second episode of enhanced magmatism, which affected only the northern part of the massif. This second magmatic episode ended the detachment activity at the central dome, while the southern wall which was cooler continued to uplift for longer (Blackman et al., 2011) .
In October to December 2015, IODP Expedition 357 cored an E-W transect across the southern wall of the Atlantis Massif. The objectives of this expedition were to examine the role of serpentinization in deriving hydrothermal systems, sustaining microbiological activity and sequestrating carbon; to characterize the tectonic processes leading to lithospheric heterogeneities and detachment faulting; and to assess the changes in abiotic and biotic processes with rock type and exposure to the seafloor (Früh-Green et al., 2016) . A total of nine sites was drilled across the massif (Figure 1 ). Two sites sampled the eastern end of the southern wall. Three sites were drilled at the central part of the southern wall, where the LCHF is located. Two sites sampled the western end of wall, and two aborted sites were drilled north of LCHF.
Materials and Methods

Sample Selection and Preparation
Four mafic and four ultramafic samples from the Atlantis Massif were used for this study (Table 1 and Figure 2 ). The mafic core samples were acquired at the central dome of the Atlantis Massif, during IODP Expedition 304-305 from the holes U1309-B and U1309-D (Blackman et al., 2006 (Blackman et al., , 2011 at depths ranging between 47.5 and 250.42 m. The ultramafic samples were acquired from the southern wall of the Atlantis Massif, during IODP Expedition 357 (Früh-Green et al., 2016) . We received six ultramafic core samples from Expedition 357, but two of them could not been used for this study. To conserve the same naming as in Falcon-Suarez et al. (2017) , we named the ultramafic samples from 1 to 6 and mafic samples from 7 to 10. Three ultramafic samples were extracted from the central sites (M0069-A and M0076-B) that sampled the southern wall near the LCHF and one from the eastern site (M0068-B), corresponding to the younger part of the exposed detachment footwall (Figure 1 ; Früh-Green et al., 2017) . The in situ depths of ultramafic samples range between 0.12 and 16.49 m bsf (Table 1 ).
All ultramafic samples analyzed in this study come from the detachment shear zone that is documented to be 100 m thick at the southern wall Schroeder & John, 2004) . On the contrary, the detachment shear zone is thin (<20 m) at the Central Dome (Harding et al., 2016) , and the mafic samples come mostly from the deeper and broader deformation zone, well below the detachment shear zone. The experimental rig that we used for the physical properties measurements requires cylindrical samples of 5-cm diameter and~2-cm height. Hence, sample selection was limited by the availability of intact (not broken) core of sizes large enough to allow the extraction of samples required by the experimental rig. Therefore, the most relevant, small suit of mafic samples from the IODP Expedition 357 or the ultramafic samples from Expeditions 304-305 could not been used for this study. Note. S1 to S5 and S7 to S10 are ultramafic and mafic samples, respectively. The sample interval gives the position of the sample within the core section, and the top depth is the in situ depth of the sample.
Cores were bisected along their vertical axes, and working halves of the cores were subsampled as 6-cm half cores in the IODP core repository. From the half cores, we extracted 5-cm diameter,~1.7-cm height samples (hereafter denoted as minicores), cored perpendicularly to the elongation axes of the original core. Then the 
Thin Sections
For samples S1, S2, S7, S8, S9, and S10, one vertical and one horizontal thin sections were prepared from the remaining trimmings after minicoring. Due to moratorium period obligations, we could not cut the minicore frames of ultramafic samples S4 and S5. For these samples, we used horizontal thin sections cut immediately adjacent to our 6-cm half cores at the IODP core repository. Vertical thin sections were cut from the flat core splitting surfaces (up-core direction was indicated for each thin section). Horizontal thin sections were cut from the top or bottom flat surface of the half-core samples.
Thin sections were analyzed under a standard petrographic microscope, and photos of whole thin sections were used to estimate mineral modal proportions within the samples. For mafic samples, we attributed a color to each mineral and colored each corresponding mineral grain accordingly. We calculated the proportion of each mineral based on the area covered by each color, using ImageJ software (Rasband, 1997) . Since the ultramafic samples were highly serpentinized, individual grains were indistinguishable, and the color method could not be applied. Instead, textures of ultramafic samples were analyzed under the microscope, and zones with different types of serpentinite and other alteration products (e.g., talc/smectite) were identified, and their percentages were estimated visually. Table 2 summarizes the mineral contents of our samples.
Fractures, veins, and grain boundaries were detected by the Sobel edge detection algorithm of the GNU Image Manipulation Program software (Kylander & Kylander, 1999) . Whenever it was possible, the detection was carried out in both horizontal and vertical thin sections (all samples but S4 and S5, for which we only had horizontal thin sections). Colored, high-resolution thin section images were separated in Lab color space (L component describes the lightness and a and b components the colors from green to red and from blue to yellow, respectively; Lakio et al., 2010) ; the lightness component was used for edge detection. A Gaussian blur filter was applied before edge detection to detect only major edges and to avoid detecting mineral internal color changes. The orientation and length of major and minor axes of continuous edges were plotted as rose diagrams of grain and vein orientations ( Figure 3 ). In order to avoid considering the borders of the thin section as fractures, veins, or grain boundaries, rose diagrams were calculated on circle-shape subareas of the same diameter cut from each thin section. Hence, rose diagrams are not representative of the whole sample but of a specific location on the thin section.
Experimental Procedure and Measurements
The bulk density (ρ b ) of minicores was determined by dividing the weight of brine saturated samples by their bulk volume, calculated from the height and radius of samples (Table 1 and Figure 4 ). Pore volumes within samples were estimated using the difference between brine saturated and dry weights and the density of Note. Ol = olivine; Px = pyroxene; Sp = spinel; Pg = plagioclase; Serp = serpentine; Chl = chlorite; Tr = tremolite; Act = actinolite; Tc = talc; C = carbonate; Hbl = hornblende; Mag = magnetite; Ilm = ilmenite; Zeo = zeolite. The ultramafic samples are all altered 100%, and the original mineralogy has been interpreted from percentage of various alteration products. Degree symbol against the primary mineralogy of ultramafic samples indicates that these values have been deduced based on alteration products.
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Geochemistry, Geophysics, Geosystems the brine (1,025 kg/m 3 for a salinity of 35 g/L at constant temperature of 19°C). Porosity (ϕ) or percent pore volume was then calculated using the ratio of pore volume to the bulk volume. The grain density (ρ s ) was estimated by dividing the dry mass by the grain volume, which is calculated by subtracting the pore volume from the bulk volume.
The experiment was carried out using the high-pressure, room-temperature multifluid experimental rig at the National Oceanography Centre, Southampton (Falcon-Suarez et al., 2016) . The rig allows simultaneous measurements of P and S wave velocities and their attenuations, resistivity, and permeability of 5-cm diameter and up to 2.5-cm length rock samples, under up to 60 MPa of pressure. Permeability (k), P and S wave velocities (V p and V s) , and resistivity were all measured for a set of differential pressures (P diff = P c À P p ; P c : confining pressure, P p : pore pressure), by keeping constant the pore pressure at 5 MPa while varying the confining pressure in a hydrostatic mode (i.e., P c = σ 1 = σ 2 = σ 3 ) from 10 to 50 MPa, 10-MPa stepwise, under drained conditions. To account for potential hysteresis effects, two unloading steps at 30 and 10 MPa completed the differential stress path (Falcon-Suarez et al., 2017). 
Geochemistry, Geophysics, Geosystems P and S wave velocities were measured using the pulse-echo technique with accuracies of ±0.3% (Best et al., 2007; McCann & Sothcott, 1992) . Resistivity (ρ) was measured with an array of 16 electrodes distributed in two rings of eight around the core (North et al., 2013; North & Best, 2014) . The electrodes were connected to an electrical resistivity tomography data acquisition system which acquires 208 individual tetrapolar measurements using various permutations of current injection, and potential difference sensing electrode pairs were acquired during each acquisition run. These data were then inverted using a nonlinear finite element inversion methods to obtain the homogeneous intrinsic anisotropic resistivity of the sample. Sensitivity tests for the anisotropic inversion have been carried out with the methodology described in North and Best (2014) . Permeability was measured using steady state flow method based on Darcy's law, whenever the permeability was high enough to allow a steady flow-through condition. For low permeability measurements, we used the pore pressure transmission method instead, based on transient states of the pore pressure. Further details of the permeability methods used in this work are given by Falcon-Suarez et al. (2017) .
Results
Thin Section Descriptions
Here we summarize the petrography of the ultramafic samples S1 to S5 presented by Falcon-Suarez et al. (2017) and similarly describe the four additional mafic samples used in this study.
All samples are altered, to different degrees, by aqueous fluids, most likely seawater-derived hydrothermal fluids. A general description of the peridotite alteration in holes from IODP Expedition 357 is available in Rouméjon et al. (2018) . S1 is a metasomatized serpentinized peridotite (Figure 2 ). The sample is fully altered, and olivine is replaced by a magnetite-bearing lizardite with mesh texture. Pyroxene is partially altered to tremolite, chlorite, or talc. A pervasive silica metasomatism led to an almost complete replacement of the serpentine by talc yet preserving the magnetite content of the mesh texture.
S2 is a serpentinized harzburgite with low pyroxene abundance, close to dunitic composition (Figure 2 ). Primary olivine is replaced by a lizardite-dominated and magnetite-bearing mesh texture, and pyroxenes are altered to bastites. The mesh texture is crosscut by thin serpentine veins and a prominent late carbonate vein network.
S4 is a porpyroclastic serpentinized harzburgite with a lizardite-dominated mesh texture. It contains domains where the mesh texture is fully replaced by recrystallized serpentine (chrysotile and antigorite; Figure 2 ). Magnetite is abundant and is mainly restricted to the mesh textures and to the vein walls. Pyroxenes are mostly altered to serpentine, tremolite, chlorite, and talc.
S5 is a fully serpentinized dunite, dominated by a magnetite-bearing mesh texture (lizardite ± chrysotile). Spinel is equally distributed over the sample (Figure 2) , and the magnetite is mainly present along fractures.
S7 is a coarse-grained olivine gabbro with large (>2 mm) pyroxene and feldspar (anorthite) crystals (Figure 2 ). On both horizontal and vertical thin sections, only few and smaller olivine grains were observed. This sample is the freshest of all of the samples, with only very minor replacement of pyroxene by amphibole and chlorite and generally fresh plagioclase. Olivine crystals are mostly fresh in their cores but show abundant fractures and alteration rims or a partial replacement by chlorite, tremolite, and talc. 
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Geochemistry, Geophysics, Geosystems S8 is a coarse-grained gabbro with grain sizes >5 mm (Figure 2 ). Due to deformation, the twinning of feldspar crystals is not always observed, and partially, some feldspar grains are recrystallized into smaller subgrains. No particular alignment related to shearing is observed. Pyroxene is partially altered to a mix of tremolite, actinolite, and chlorite. No fresh olivine is observed.
S9 is a medium-grained olivine gabbro (Figure 2) . Olivine is partially fresh, but most grains show a pronounced alteration rim of tremolite, chlorite, and actinolite, similar to pyroxene alteration assemblages. Pyroxenes show some replacement by amphiboles but are mostly fresh. Most plagioclase are altered to zeolite, with zeolites surrounding still fresh plagioclase cores. The presence of zeolite suggests that this sample experienced low temperature alteration with low carbon dioxide aqueous fluids, possibly derived from seawater or hydrothermal fluid infiltration. S10 is a highly altered coarse-grained gabbro (Figure 2 ). Whereas plagioclase shows abundant fractures and is rimmed by zeolites, pyroxenes are variably altered to actinolite, tremolite, and minor amounts of chlorite. The alteration products suggest an alteration with a hydrothermal fluid, possibly seawater derived. No olivine has been observed in the associated thin section.
The rose diagrams of grain and vein orientations (Figure 3) show some anisotropy for all samples except the S5 (not shown), which is a serpentinized dunite with clear mesh texture (Figure 2 ). S1 and S2 show anisotropy on both vertical and horizontal thin sections, whereas no clear anisotropy direction is visible on the vertical thin section of S9. S1 shows an anisotropy orientation of~45°to the horizontal, whereas the anisotropy within S2 is closer to horizontal, at~20°. S9 does not show clear anisotropy on the vertical thin section. On the horizontal thin sections, S1, S2, and S9 exhibit vein and fracture orientations of 150°, 70°, and 5°, respectively (Figure 3 which allows the reorientation of core pieces from this hole by rotating the piece average magnetization to the mean declination (Pressling et al., 2012) . We did not reorient out mafic samples using the mean declination because two of them were from the upper 100 m of the Hole U1309-D and a third one was from the Hole U1309-B. Only the uphole direction was indicated on all vertical thin sections. Hence, the data do not allow us to infer the azimuthal orientation of anisotropy. Moreover, the edge detection method has limitations. The analysis is carried out on circle shape subarea; hence, only a subset of veins and grain boundaries are considered. S1 and S2 show anisotropy in both vertical and horizontal sections, which suggests a foliated structure. S9 exhibits anisotropy only in the horizontal thin sections and not on the vertical one, but it may still contain a preferred orientation in the vertical direction perpendicular to the core splitting surface.
Bulk Density, Porosity, and Grain Density
Bulk densities of ultramafic samples (2,370 to 2,790 kg/m 3 ) are lower and do not overlap with those of mafic samples (2,840 to 2,860 kg/m 3 ), which show smaller variation (Table 1 and Figure 4 ). The porosities of ultramafic and mafic samples are 2.51-12.47% and 0.89-2.90%, respectively (Table 1 and Figure 4 ). Only the talc-rich sample S1 shows a porosity similar to the mafic samples and a density higher than other serpentinized harzburgite and dunite samples. The grain densities of mafic and ultramafic samples are 2,860-2,910 and 2,530-2,830 kg/m 3 , respectively, suggesting that the ultramafic samples do not only exhibit low density because of their high porosity but also because they are made of lower-density grains than the mafic samples.
Seismic Velocities
At the minimum differential pressure (5 MPa), P and S wave velocities of our mafic samples varied between 5.92 and 6.70 km/s and 3.36 and 3.62 km/s, respectively ( Figure 5 ). Ultramafic samples ranged between 3.28 and 4.87 km/s and 1.67 and 2.34 km/s, due to their higher degree of alteration and porosity. As expected, the velocities correlate with density (Birch, 1961) .
For both mafic and ultramafic rocks, the primary source of velocity increase below 200 MPa is the closing of microcracks and pores (Hyndman & Drury, 1976; Miller & Christensen, 1997) . Ultramafic samples exhibit more rapid velocity increase with increasing pressure, attributed to a higher pore volume compressibility effect (i.e.,
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Geochemistry, Geophysics, Geosystems higher porosity; Figure 5a ). The P wave velocities of the serpentinized dunite S5 and serpentinized harzburgite S2 with minor pyroxene content are both lower than those of the other two ultramafic samples, with a greater increase (more than 7%) at a differential pressure of 45 MPa, likely related to greater porosity reduction of these samples. Among mafic samples, S8 that is affected by brittle deformation shows the highest P wave velocity increase with increasing pressure (Figure 5a ).
Poisson's ratios of mafic samples vary between 0.25 and 0.3 and are within the typical range for oceanic layer 3 (Christensen et al., 1975) . In our ultramafic samples, this value increases up to more than 0.35 (Figure 5b ).
Electrical Resistivity
At the minimum differential pressure (5 MPa), the resistivity of mafic samples varies between 60 and 221 Ω m, while the ultramafics range between 8 and 44 Ω m (Figure 6 ). In contrast to wave velocities, mafic samples show higher resistivity increases with increasing differential pressure than ultramafic ones. This effect can be attributed to a more effective closure of connected pore space of mafic samples below 45 MPa, particularly significant (higher resistivity) for the less altered mafic samples S7 and S8 (Table 2 and Figures 2 and 6 ). In contrast, S5 and S2, with compositions close to dunite, show similar minimum resistivity and less resistivity increase with increasing pressure.
For S2, the original fluid path network is substantially modified at high differential pressure (above 35 MPa) and remains approximately constant onward, despite the unloading (Figure 6 ).
The homogeneous anisotropic resistivity inversion results (under P diff = 45 MPa) show one high and two similar and lower resistivity axes, for all samples (Figure 7 ). Serpentinized dunite sample S5 exhibits 33% resistivity anisotropy, whereas all other ultramafic samples range between 88% and 99%. Olivine-bearing mafic samples S7 and S9 showed higher anisotropies (131% to 190% at 45 MPa) than other samples (Table 2 and Figure 7) .
Permeability
The permeability of ultramafic samples varied between 3.2 × 10 À15 and 1.1 × 10 À18 m 2 (Figure 8 ) at the minimum differential pressure of 5 MPa. Mafic samples exhibit lower permeability. We were only able to measure the permeability of two highest permeability mafic samples; the permeability of the remaining two samples 
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Geochemistry, Geophysics, Geosystems was too low to be measured with our experimental rig. At 5 MPa, the permeability of mafic samples S9 and S10 varied between 10 À19 and 1.9 × 10 À21 m 2 . The permeabilities of ultramafic samples are lower than those of gabbro samples at all pressure conditions. Regardless the rock type, our higher permeability samples show higher decrease in permeability with increasing pressure (Figure 8 ). We observe up to 5 orders of magnitude of difference between our ultramafic and mafic samples at 45 MPa of differential pressure.
Discussion
Bulk Density and Porosity
The bulk density of Atlantis Massif central dome mafic samples measured in this study and their porosity ( Früh-Green et al., 2017) . S2 and S5 show lower density than those measured during IODP Expedition 357, and S5 shows higher porosity. S5 is a serpentinized dunite, and S2 is a serpentinized harzburgite with poor pyroxene content, close to dunite. Both samples show serpentinization-related density decrease, and they contain high fractions of mesh texture which increases the porosity. S2 contains carbonates crystalized as a later phase, using the preexisting porosity which may explain the lower porosity of this sample compared to S5. Serpentinized dunites with well-developed mesh texture having higher porosity and lower density than serpentinized harzburgite have been reported also for samples from the Hess Deep (Mével & Stamoudi, 1996) and from 15°20 0 N fracture zone (Kelemen et al., 2007) .
In sample S4, focused fluid flow led the recrystallization of the mesh texture (lizardite to crysotile), and in sample S1, talc development is due to the interaction between the serpentinite and silica-rich fluids (derived from interactions with mafic rocks; Boschi et al., 2006) . Recrystallization-related increases in density affect both samples but is observed in higher proportions in S1. The samples that bear recrystallized textures are interpreted to have been the most permeable domains in the peridotite that channel hydrothermal fluids. Similarly, talc metasomatism is a marker of silica-rich fluids and of preferential fluid pathways in fault zones (Boschi et al., 2006) . The lower porosity of samples S1 and S4, affected by recrystallization, suggests that channeling fluids in specific domains led to the reactions that ultimately reduced the porosity (Figure 4 ) and the permeability (Figure 8 ).
Regardless the rock type, samples from the southern wall central sites measured during this study and during the onshore science party show higher porosities and lower densities than other southern wall and central dome samples. Expedition 357 was designed as a E-W transect with western sites sampling the exposed and inactive part of the footwall near the breakaway originated from shallow depths and the eastern sites sampling the deeper part of the footwall originated from depths of several kilometers (Figure 1 ). Along the transect, the age of the lithosphere increases westward by 1 Myr. Therefore, one would expect to observe higher densities and lower porosities westward, with the increasing age of the lithosphere. Several phases of alteration as a consequence of the LCHF may have increased the porosity and decreased the bulk density of some of the central site samples, although the central site samples measured in this study do not show Lost City-related alteration.
Mafic and ultramafic samples from the Kane transform fault show lower porosities and higher densities than the Atlantis Massif samples (Figure 4) . A lower degree of alteration was reported for both mafic and ultramafic samples from Kane transform fault (Cannat et al., 1995) . The locations of Sites 920 and 923 were approximately 10 km west of the Mid-Atlantic Ridge, and this off-axis location might explain their lower porosities. Heterogeneous access to hydrothermal fluids controlled by fracturing and by the locations of gabbroic 
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Geochemistry, Geophysics, Geosystems Figure 7 . Results of anisotropic resistivity inversion (P diff = 45 MPa) in minicore coordinate frame, normalized by the maximum resistivity value of each sample. Note that here the maximum electrical resistivity is the result of anisotropic resistivity inversion, and it is not equal to the mean electrical resistivity shown in Figure 6 . Red shows low resistivity, and blue is high resistivity. The left column show the results for ultramafic samples and right one for mafic samples.
Geochemistry, Geophysics, Geosystems intrusions that act as impermeable cores and help to preserve relatively fresh peridotite at the contact (Blackman et al., 2006; Rouméjon et al., 2018) may also explain the lower porosities and higher densities observed in Kane transform fault. Mafic samples from Atlantis Bank (Iturrino et al., 1991) and the 15°20 0 N ( Kelemen et al., 2007) transform fault have also higher densities than those from Atlantis Massif (Blackman et al., 2006 ; Figure 4 ). Iron-rich gabbro has been reported at Atlantis Bank Hole 735B and 15°20 0 N fault zone Hole 1275B, which could be the reason for higher densities.
P Wave Velocity and Poisson's Ratio
P wave velocities of the samples S2 and S5 under a differential pressure of 45 MPa are 3.54 and 3.89 km/s, respectively. These two samples have higher fractions of mesh texture with bastites that increase the porosity of the samples and decrease their density and velocities. Thin section images ( Figure 2 ) and P wave velocities ( Figure 5 ) provide a visual observation of the link between the fraction of mesh texture within the samples and P wave velocities, at shallow subsurface conditions. S1, which experienced postserpentinization metasomatic alteration, shows only little remaining mesh texture ( Figure 2 ) and has the highest P wave velocity (Figure 5a ), while S4 contains recrystallized veins cutting across the mesh texture ( Figure 2 ) and has a higher P wave velocity than other serpentinized peridotites samples (Figure 5a ).
During onshore science party of IODP Expedition 357, the P wave measurements were carried out on smaller cubic samples. Larger samples usually contain larger porosities. The P wave velocities of our mafic samples are comparable to those of the few mafic samples measured during the onshore science party. The sample size effect is more visible in higher porosity ultramafic samples than in mafic samples, with higher velocities measured on the smaller samples (Figure 5a ).
In our compilation at 50-MPa confining pressure (~2-km depth; Figure 5 ), P wave velocities of mafic and ultramafic samples overlap above 5.5 km/s and S wave velocities above 2.6 km/s. Poisson's ratio has been proposed (e.g., Carlson & Miller, 1997) as a possible way of distinguishing between mafic and ultramafic rocks via seismic velocities. Although mafic and ultramafic samples measured in this study have distinct Poisson's ratios, our new compilation shows that, in the shallow subsurface (<50 MPa), the Poisson's ratios of mafic and ultramafic rocks overlap between 0.36 and 0.25.
Electrical Resistivity
The resistivities of the mafic and ultramafic samples measured in this study do not overlap below 45-MPa differential pressure. Our resistivity values for ultramafic samples are comparable to those measured with multisensor core logger (MSCL) during the IODP Expedition 357 (0.3-57.5 Ω m; Früh-Green et al., 2017) . Both mafic and ultramafic samples are in the same range as those measured from near the Kane transform fault (68-1,408 Ω m for mafic samples, 10-103 Ω m for serpenitnized harzburgite, and 3-10 Ω m for serpentinized dunite; Cannat et al., 1995; Evans et al., 2010) . Mafic samples from Hess Deep showed a larger resistivity range, and ultramafic samples showed strong inverse correlation with porosity, with dunites exhibiting the lowest resistivity (Gillis et al., 2013) . We observe a similar relationship. The lowest resistivity values are observed in samples S5 and S2, with relatively high porosity (>10%) and the highest fraction of a magnetite-bearing mesh texture (Falcon-Suarez et al., 2017) .
Two main mechanisms are responsible for electrical conduction in media where grains are highly resistive: electrolytic conduction in connected pore space and surface conduction at the interface between the electrolyte and the mineral (Ildefonse et al., 1997; Ildefonse & Pezard, 2001 ). Our observations suggest that the pore fluid conduction dominates in both gabbro and serpentinized harzburgite samples with resistivity linearly increasing with increasing differential pressure. All four ultramafic samples contain small amounts The black line is the logarithmic regression curve for serpentinized harzburgite (1, 2, and 4) and gabbroic (9 and 10) samples for which the permeability is related to the resistivity with a power law. The dunite sample S5 does not follow this law. Red line shows the regression curve when we consider S5. Red points are the data points of S5 at other differential pressures.
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Geochemistry, Geophysics, Geosystems of magnetite within the mesh texture, which affects the bulk resistivity of the rocks. There is no increase in resistivity with increasing differential pressure for the dunite sample S5 and serpentinized harzburgite sample S2 with little pyroxene (Figure 6 ). This observation suggests that under up to 45 MPa of differential pressure, the porosity within these samples is not yet closed or that surface conduction dominates in these samples with a higher fraction of mesh texture. Magnetite has a resistivity of 4 × 10 À5 Ω m, and a connected magnetite network may decrease the resistivity dramatically (Evans et al., 2010) . We do not observe a clear correlation between shipboard MSCL slow track magnetic susceptibility measurements (Früh-Green et al., 2017) and our resistivity measurements, but S5 shows the highest magnetic susceptibility measured by MSCL (~10 4 SI. e À5 ) among our ultramafic samples.
For mafic samples, in addition to porosity, degree of alteration seems to play a role. The lowest porosity sample S7 and the highest porosity sample S8 show higher resistivity than other two more altered samples (Figure 2 ), suggesting that alteration of mafic samples lowers the resistivity, possibly also via surface conduction (Ildefonse et al., 1997) .
Permeability
The permeability of our mafic samples lies within the range previously determined by laboratory measurements in comparable lithologies at similar pressure conditions (e.g., 2 × 10 À22 and 8 × 10 À24 m 2 at differential pressures of 10 and 25 MPa, respectively; Trimmer et al., 1980; and 10 À18 and 10 À22 m 2 at 0 and 50 MPa, respectively; Katayama et al., 2012) . Laboratory permeability measurements are lower than in situ measurements of permeability due to the absence of large cracks on in a sample scale (e.g., 24 to 0.2 10 À15 m 2 down to 223 m bsf for in situ oceanic gabbros from Atlantis Bank, ODP Leg 118, hole 735B; Becker, 1991) .
Our ultramafic samples show higher permeability than previous laboratory measurements of permeability (e.g., Nagasaki, Japan, 10 À19 to 10 À22 m 2 at differential pressures of 5 to 50 MPa, respectively; Kawano et al., 2011 ; 10 À18 and 10 À20 m 2 at 0 and 50 MPa, respectively; Katayama et al., 2012) . This difference may be related to the sample size since the cited studies used smaller samples (20-mm diameter) than ours. It can also be related to the high porosity of our ultramafic samples related to detachment faulting. The fault damage zone may decrease the permeability by 4 orders of magnitude in the continental crust by fractures around the fault (Manning & Ingebritsen, 1999) . A similar effect may occur in slow-spreading oceanic crust. Sheared serpentinite is known to have permeability anisotropy which also could explain the observed mismatch. Up to 50 MPa of confining pressure, the permeability parallel to the foliation of serpentinite is 1 order of magnitude or more higher than that normal to the foliations (Kawano et al., 2011) . Katayama et al. (2012) report that the permeability difference between their gabbro and serpentinite samples becomes more obvious at higher confining pressures, whereas the logarithmic difference of permeability between our gabbro and serpentinite samples decreases with increasing pressure, possibly related also to the very high porosity of our ultramafic samples.
In the absence of a large surface conductivity component, the resistivity of rocks is principally a measure of the connected porosity (Archie, 1942) and thus might be used as a proxy for permeability. We compared our direct measurements of permeability and resistivity (Figure 8 ). For all samples but the serpentinized dunite sample S5, resistivity relates to the permeability with a power law: log 10 k = À10.666-4.283 * log 10 ρ (Figure 8 ; coefficient of correlation [r]: À0.9, possibility of noncorrelation [p]: 3.7420eÀ13). The mismatch of the dunite sample S5 is probably related to its high content of iron before the alteration, which produced an interconnected magnetite network during serpentinization that is also expressed in the magnetic susceptibility of this sample. Our results show that under shallow subsurface conditions (up to 50 MPa) and in the absence of large surface conductivity, the resistivity can be used to estimate the permeability of gabbroic and serpentinized peridotite samples.
Anisotropy of the Electrical Resistivity
Regardless of rock type, all samples show transverse isotropy (TI) symmetry, which is typical of a layered microstructure or aligned disk-shaped inclusions (North et al., 2013) . The magnitude of this TI anisotropy is defined here as the ratio between the mean of the two lower anisotropy eigenvalues and the higher eigenvalue. The presence of more than one anisotropy causing texture within the sample, for example, parallel planar fracture planes that are not aligned with a preexisting layered rock fabric, can decrease the 10.1029/2018GC007738 magnitude and alter the orientation of the TI anisotropy. In some instances of fabric overprinting, TI-type anisotropy is not present, and all three eigenvalues of the anisotropy tensor are different. Thus, multiple fabric types and orientations will add to and alter the overall resultant anisotropy that is observed.
The anisotropy observed within S5 is significantly lower than that of other samples (33%; Figure 7 ) possibly due to its higher fraction of mesh texture. However, S2, which also has a high fraction of mesh texture, exhibits a higher degree of anisotropy (99%) suggesting that the anisotropy of the resistivity in this case is influenced by aligned carbonate veins within this sample (Figure 2 ).
In mafic samples, the percentage of anisotropy seems to be controlled by the fresh olivine content. Higher resistivity anisotropy is observed in mafic samples S7 and S9 (190% and 130%, respectively) containing a little fresh olivine than other mafic samples with no fresh olivine (S8: 72%, S10: 90%; Table 2 ).
Sample S1 that was originally serpentinized harzburgite but transformed into talc by Si-metamorphism shows a low-resistivity axis that is oblique to the vertical axis of the minicore (Figure 7) . All other ultramafic samples show a horizontal low-resistivity axis in the coordinate frame of minicores. On the contrary, in mafic samples, the high-resistivity axis is vertical in the minicore frame ( Figure 7 ). The high-resistivity axis is expected to be perpendicular to the lamination (or foliation). The observed perpendicular directions of high-resistivity axes within mafic and ultramafic samples indicate differences in the orientation of the foliation within lower crustal and upper-mantle rocks likely to have different emplacement histories.
The result of anisotropic homogeneous inversion ( Figure 7 ) is in good agreement with the rose diagrams of grain and vein orientations (Figure 3 ), which also showed some anisotropy for every sample except the serpentinized dunite sample S5 (not shown). For S1 and S2, anisotropy is observed on both vertical and horizontal thin sections and hence suggests a structure aligned as layers (Figure 3 ). The high-resistivity axis retrieved by the anisotropic resistivity inversion (Figure 7 ) is perpendicular to the foliation plane observed on perpendicular thin sections (Figure 3 ). S9 did not show a particular anisotropy direction on the vertical thin section but showed an orientation of 5°on the horizontal thin section (Figure 3 ). The result of anisotropic electrical resistivity inversion of S9 shows a vertical high-resistivity and two horizontal low-resistivity axes, suggesting a foliated structure also for this sample. This result is in good agreement with the rose diagrams of this sample and suggests a horizontal foliation plane in the minicore frame (Figure 3 ).
The minicores were drilled perpendicular to the core slipping surface of working half cores. In the coordinate frame of the core, mafic rocks analyzed in this study show vertically aligned foliation. Our ultramafic samples exhibit a high-resistivity axes that is perpendicular to the high-resistivity axes of the mafic samples. Our sample selection is biased in a specific way since all our ultramafic samples are sampled from the detachment shear zone, whereas our mafic samples are from the deeper and broader deformation zone, well below the detachment shear zone. The movement along the detachment fault might have affected the foliation within our ultramafic samples. However, visual observations of the ultramafic samples recovered from the detachment shear zone do only indicate minor shearing. The resistivity anisotropy observed within our ultramafic samples may result from the preferential orientation of fracturing due to thermal contraction and tectonic stress after the uplift of ultramafic rocks (Rouméjon & Cannat, 2014) . Although the observed perpendicular high-resistivity axes in mafic and ultramafic samples is not a direct indication of lithology changes, it suggests that the anisotropy of resistivity can be used as a tool to distinguish between these rocks, via remote CSEM surveying when some regional a priori structural information is available. The electromagnetic profile acquired across the Kane OCC interpreted in combination with the P wave velocity distribution of the region has suggested that the sharp transition from conductive to resistive seafloor marks the transition from serpentinized peridotite to either gabbro or pristine mantle rocks (Evans et al., 2010) . In the shallow subsurface, the conductive to resistive seafloor transition is mainly controlled by the porosity, which may disappear at depth due to the compaction. A CSEM study run as multiple complete concentric circular tows of different radii, with multiple frequencies to increase the depth resolution, would resolve the anisotropy in depth and allow to distinguish between gabbro and variably serpentinized peridotite with similar porosities via the orientation of the anisotropy (Behrens, 2005) .
Vertically aligned foliations of mafic samples observed on both the thin sections and the results of anisotropic resistivity inversion are consistent with buoyancy-driven vertical motion between gabbro and fresh peridotite. Similar vertical magmatic foliation has been observed at structurally high gabbros in Oman that are not highly deformed ( Geochemistry, Geophysics, Geosystems 2000) like the Atlantis Massif mafic samples. Vertical foliation within the gabbroic samples suggests that the gabbroic body has intruded after detachment fault activity, as the foliation is not affected by the footwall rotation of 45°suggested by paleomagnetic data (Morris et al., 2009) . Our mafic samples therefore may have been intruded directly within the central dome, which is part of the footwall of the detachment fault 15 km west of the ridge axes, after the footwall rotation, during the second enhanced magmatic episode that stopped the detachment faulting at the central dome of the Atlantis Massif. These rocks may have migrated to their shallow location within the footwall, by a combination of buoyancy-driven vertical motion and flexural uplift of the footwall, due to unloading by slip of the hanging wall along the detachment fault after counterclockwise rotation about a NNW axis of the (footwall) block (Schroeder & John, 2004) .
A horizontal foliation within the central southern wall ultramafic samples is in good agreement with direct observations of mylonitic shear zone foliation and samples acquired with the submersible Alvin . A horizontal foliation (vertical high-resistivity axis) is also observed at a Southwest Indian Ridge detachment shear zone composed of highly deformed gabbro that forms the top of the Atlantis Bank OCC (Ildefonse & Pezard, 2001) . Although the shear zone mylonitization temperatures for these two end member OCCs may be very different (Blackman et al., 2011) , the orientation of their foliation seems to be similar, and possibly both are affected by elongated pore space aligned parallel to the extension direction.
Conclusions
Our mafic and ultramafic samples measured under shallow subsurface conditions (up to 50 MPa) show distinct differences in density, P and S wave velocities, Poisson's ratio, and resistivity. However, the comparison with mafic and ultramafic samples from other similar regions shows that these physical properties may not allow the differentiation of these rocks remotely.
The result of sample size anisotropic homogeneous resistivity inversion found TI-type anisotropy symmetry (one high and two similar and low-resistivity eigenvalues) in all samples. This type of anisotropy indicates a structure aligned as layers such as a laminated or a foliated structure. In mafic samples, the orientation of the foliation is in a vertical direction, whereas in ultramafic samples, it is horizontal. Retrieved perpendicular high-resistivity axes within mafic and ultramafic rocks are in good agreement with observations on thin sections. Observed and retrieved foliation directions are also in good agreement with the proposed mechanism of OCC formation, with gabbroic rocks intruded during the last enhanced magmatic episode that ceased the activity of the detachment faulting at the central dome of the Atlantis Massif.
Because the cores have not been oriented, we cannot identify the azimuthal direction of the high-resistivity axis within mafic samples with vertical foliation. However, the observed difference in the direction of the high-resistivity axis within mafic and ultramafic samples suggests that controlled source electromagnetic surveys can be a useful tool to distinguish these rocks remotely, if some structural information about the study region is available. In this study we have analyzed four ultramafic and four mafic samples sampled from the detachment shear zone and the deeper and diffuse deformation zone, below the detachment shear zone, respectively. A more comprehensive, systematic, and unbiased sampling and measurements of the anisotropic physical properties of mafic and ultramafic rocks would allow the validation of the approach of using the anisotropic electrical resistivity as a potential indicator of lithology.
